Using probe molecules with resonant nuclei and nuclear inelastic scattering, we are able to measure the density of states exclusively for collective motions with a correlation length of more than 20 A. Such spectra exhibit an excess of low-energy modes (boson peak). This peak behaves in the same way as that observed by conventional methods. This shows that a significant part of the modes constituting the boson peak is of collective character. At energies above the boson peak, the reduced density of states of the collective motions universally exhibits an exponential decrease. DOI: 10.1103/PhysRevLett.92.245508 PACS numbers: 63.50.+x, 61.43.Fs, 64.70.Pf, 76.80.+y Vibrational dynamics of glasses is a subject of controversial discussions. A focusing point of numerous studies is the ''boson peak,'' i.e., an excess of the low-energy density of states (DOS) in glasses relative to the Debye model. The boson peak is a distinct feature of most glasses and even disordered crystalline solids [1] . This makes it a touch stone for models of glass dynamics.
Vibrational dynamics of glasses is a subject of controversial discussions. A focusing point of numerous studies is the ''boson peak,'' i.e., an excess of the low-energy density of states (DOS) in glasses relative to the Debye model. The boson peak is a distinct feature of most glasses and even disordered crystalline solids [1] . This makes it a touch stone for models of glass dynamics.
The basic question is: Does the boson peak originate from collective [2 -4] or from local or ''quasilocal'' [5, 6] motions? In many investigations, the boson peak is attributed to some local molecular-specific motion as intramolecular vibration [7] , rotation of structural units [8] , or conformational motion [9] . On the other hand, there is ample experimental evidence from scattering data [10 -12] for a collective character of the modes composing the boson peak. This inconsistency can be clarified if one measures the DOS of collective and local motions separately. Here we report on model-independent measurements of the DOS exclusively for collective motions. The results evidence the predominantly collective character of the modes composing the boson peak. At the energies above the boson peak, the reduced DOS of the collective motions reveals a feature which is universal for all studied glasses: With astonishing accuracy it follows precisely an exponential dependence on energy.
In order to distinguish the collective motions from the local ones, we studied the glass dynamics using probe molecules. When a probe is embedded in a glass matrix, it obviously must follow the collective motions of the glass with a correlation length larger than the probe size. On the other hand, the vibrational spectrum of the probe is insensitive to local eigenmodes of the host, as long as the probe is not chemically bound. This insensitivity is confirmed by our experimental data. In order to monitor the motions of the probes, we used the isotope-selective technique of nuclear inelastic scattering (i.e., resonance inelastic scattering of x rays via low-energy nuclear transitions) [13] [14] [15] and probe molecules with a resonant nucleus in the center of mass. With this approach, one monitors exclusively the motions of the central resonant nucleus. Furthermore, in this way one selects pure translational motions of the probes: Rotation is disregarded because the spectator nucleus is in the center of mass; the few intramolecular modes, as will be shown below, are separated in energy. Therefore, the selected pure translational motions of the probe give a ''density of states of collective motions'' (CDOS) of the glass matrix.
The CDOS in toluene, ethylbenzene, dibutylphthalate, and glycerol glasses was measured at the Nuclear Resonance beamline ID18 [16] of the European Synchrotron Radiation Facility with a 0.5 meV-bandpass inelastic spectrometer [17] . In terms of fragility m, the studied glasses cover a substantial part of the Angell diagram [18] as they represent very fragile (toluene, m 105), fragile (dibutylphthalate, m 85), and intermediate (glycerol, m 53) glass formers [19] [20] [21] . The probes were neutral ferrocene molecules with the central resonant 57 Fe nucleus for the three first glasses and 57 Fe 2 ions for glycerol. The size of the ferrocene probe (7:3 A) is close to those of the host molecules (7.0, 7.3, and 9:5 A for toluene, ethylbenzene, and dibutylphthalate, respectively). To follow the collective motions of the glass, the probe should experience correlated forces at least from the nearest molecules. Thus, it is sensitive to the collective modes with a correlation length of more than 20
A. The concentrations of the probes for the above-mentioned glasses were 2.5, 2, 5, and 1% (mol). The probes did not cause noticeable changes in the glass properties. For instance, no changes in the static structure factor and in the calorimetric glass transition temperatures were revealed. Furthermore, lowering the probe concentration had no influence on the experimental results.
Figure 1(a) shows the DOS gE of probe motions in toluene. Above 17 meV, it exhibits three narrow peaks. These are the only eigenmodes of the ferrocene probe which involve displacements of the central iron atom [23] . The vibrational states below 17 meV describe displacements of the rigid probe driven by the collective motions in toluene. For an isolated probe, the number of these states (the DOS integral in the 0 -17 meV range) should be equal to the mass ratio of 57 Fe to ferrocene [24] . The measured value of 0.33(2) coincides with the mass ratio (0.305) almost exactly. This proves that the probes are not locally bonded to the glass molecules (otherwise the effective mass of the probe would be significantly larger). Thus, one can expect that the probes will not ''see'' the eigenmodes of the neighbor glass molecules.
The insensitivity of the probes to local vibrations in the glass is testified by comparison to the total DOS available from neutron data [ Fig. 1(b) ]. In toluene, the probes do not see the rotations (7 and 11 meV) and librations (27 meV) of the methyl group [22] as well as other local modes at higher energies. The same holds for the ethylbenzene and dibutylphthalate data. By contrast, in glycerol the Fe 2 ions are bound to glass molecules and do show obvious peaks of local vibrational modes. These peaks, however, are located above 8 meV, still allowing for the investigation of collective motions at lower energies.
The reduced CDOS gE=E 2 clearly exhibits a boson peak for all studied glasses (Fig. 2) . The positions E B of the peak are consistent with the boson peak energies E B tot in the total DOS from neutron and light scattering data ( Table I ). The temperature evolution of the boson peak (Fig. 2) shows the same features as observed with conventional methods: It is temperature independent at low temperatures, becomes less pronounced at higher temperatures, and disappears when approaching the glassliquid transition. This clear manifestation of the boson peak in the CDOS shows that the significant part of the modes constituting the boson peak must be the delocalized collective motions with the correlation length of more than 20 A. Beyond the boson peak, the reduced density of states of collective motions reveals for all studied glasses a temperature-independent, precisely exponential behavior:
which, to our best knowledge, was not reported earlier.
Quite intriguing, the characteristic ''decay'' energies E 0 correlate with the energies of the boson peak E B ( Table I ). Note that, differentiating Eq. (1), one finds that E 0 is related to the position E max of the CDOS maximum as E 0 0:5E max . Figure 3(a) shows that Eq. (1) describes the CDOS perfectly at high energy, still quite well near the maximum, and starts to fail approaching the energy of the boson peak. In a log scale, gE=E 2 follows a straight line over three decades of the reduced CDOS and starts to deviate from Eq. (1) (1) and hardly permits any alternative functional form. In particular, this excludes a description in terms of a power law [5] or a log-normal [6] behavior, obtained for local and quasilocal vibrations, respectively.
Because the exponential behavior is so pronounced in the CDOS, one could also expect to trace it in the total DOS. We indeed found it in the neutron data for all glasses studied here [22, 26, 27, 32] as well as for other molecular glasses (salol, orthoterphenyl), polymers (polybutadiene, polyisobutylene), and proteins (myoglobin) [33, 29, 30, 34, 31] . The most evident examples are shown in Figs. 3(b)-3(d) .
In comparison to the total DOS, the CDOS exhibits slightly lower energy of the boson peak (Table I) Fig. 3(b) ].
These differences allow for two alternative interpretations. A straightforward approach is to attribute the difference between the total DOS and CDOS to the local modes. Then one could conclude that (i) the boson peak is composed by both collective and local motions, (ii) the collective part has a slightly lower energy relative to the local one, and (iii) the collective states have less spectral weight in the high-energy region of the DOS. Similar conclusions were obtained recently from a neutron scattering experiment, where the total DOS was decomposed into an in-phase and a random-phase component using the model of umklapp scattering [11, 12] .
An alternative interpretation-which we favor-is based on the fact that, similar to the CDOS, the total DOS exhibits the exponential behavior as well. In toluene, for instance, the total DOS follows Eq. (1) in the energy range up to 22 meV and over two decades of gE=E 2 [ Fig. 3(c) ]. This gives an indication that the boson peak could be composed by pure collective modes, and the difference between the total DOS and CDOS comes not from local modes but from different correlation lengths accessible with various techniques. The CDOS is measured by the ferrocene probes sensitive to collective motions with a correlation length of more than 20
A. The total DOS as derived from neutron scattering is mainly probed by the hydrogen atoms constituting the bulk material. Therefore, it can include collective motions with much smaller correlation length.
Such a probe size effect can be analyzed within a model dealing with a finite generalized mean-free path of vibrational modes (e.g., [2] ). Introducing a spatial cutoff of the probe sensitivity given by the probe radius R 0 , one arrives at Eq. (1) with E 0 hc 2 0 =c 00 R 0 , where c 0 is the sound velocity and c 00 is the imaginary part of a generalized complex sound velocity introduced by disorder, which is almost frequency independent in the trans-boson regime [35] . E 0 is inversely proportional to the effective probe size, which supports the above interpretation.
We also checked the validity of Eq. (1) by numerical calculations within a collective model with fluctuating elastic constants, described in self-consistent Born approximation (SCBA) [36, 37] , a modification of the coherent-potential approximation (CPA) suitable for noncrystalline solids. The CPA successfully reproduces the boson peak in models of randomly fluctuating elastic constants and identifies it with the collective motions [2, 3] . The SCBA contains only a single disorder parameter, namely, the variance of the elasticity fluctuations. Figure 4 shows the reduced DOS calculated for various values of . In the energy region between the boson peak and the Debye energy E D , the calculations are consistent with Eq. (1). At higher energy, Eq. (1) cannot be verified with the SCBA (which is not applicable above E D ), but agrees with the results of molecular dynamics simulations [38] , which do not show significant discontinuity at E D (Fig. 4) .
In summary, we measured the density of states exclusively for collective motions with a correlation length of more than 20 A for several molecular glasses. This CDOS reveals a boson peak and exhibits its typical temperature evolution. This shows that a significant part of the modes constituting the boson peak is of collective character. Beyond the boson peak, the reduced DOS of collective motions reveals very precisely an exponential dependence on energy. A similar exponential behavior is also found for the total DOS of the same (and other) glasses in neutron scattering data but with a less steep slope. This difference between the total DOS and the CDOS allows for two different interpretations: It can be attributed to additional local modes in the total DOS at higher energies or, alternatively, can be explained within a pure collective model assuming a lower sensitivity of the relatively large molecular probes to collective vibrations with short wavelengths. One can expect to settle this question by studying the collective DOS with probes of variable size.
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